In this article, the results obtained from a study on multilayer diamond-like carbon and boron nitride (DLC/BN) films are reported. The microstructure, atomic concentration, hardness and friction coefficient of the films were characterized using transmission electron microscopy, auger electron microscopy, nano-indentation measurements and ball-on-disk friction testing. The effects of bilayer thickness and substrate bias on film growth were investigated. All multilayer films showed alternate DLC and BN layers, except the 2-and 4-nm bilayer of multilayer DLC/BN films deposited without substrate bias. Although the layers were very thin, each layer was distinguishable. This was confirmed by the use of TEM imaging and AES measurements. The hardness values of all the multilayer films were lower than those measured for the monolayer DLC and BN films. However, the hardness can be altered with a change in the bilayer thickness. Furthermore, in the case of the films deposited with substrate bias, multilayer DLC/BN films showed an improvement in wear resistance compared to monolayer DLC and BN films. Thus, the deposition of multilayer DLC/BN films can be considered to be beneficial in prolonging the service life of the surface.
Introduction
A hard, low-friction and wear-resistant film is desirable for the reduction of friction force fluctuations and atomic-scale wear. Carbonaceous films such as diamond-like carbon (DLC) films are potential candidates, with good wear resis-Materials Sciences and Applications tance and lubrication properties [1] [2] . Due to the high intrinsic compressive stress, however, DLC films are easy to fracture or even peel off the substrate, which limits their wide application [3] [4] . A multilayer structure can be used to maintain the mechanical properties of the DLC while reducing the internal stresses [5] [6] . Multilayer films have been successfully demonstrated in various applications, especially for wear protection [7] [8] . Most studies have focused on the multilayer metal/DLC and ceramic/DLC films [8] [9] . There are only a few studies on the structural and mechanical properties of multilayer DLC/BN films. The structural and mechanical properties of multilayer films depend on the composition, number of interfaces and bilayer thickness [10] . A large number of internal interfaces aligned parallel to the substrate surface can retard crack propagation and provide barriers to dislocation movement [11] .
In this study, a series of multilayer DLC/BN films, with different bilayer thicknesses, were prepared on a Si (100) wafer. The effects of bilayer thickness and substrate bias during film growth on the mechanical and tribological properties of the multilayer DLC/BN films have been investigated.
Experimental Details
The multilayer DLC/BN films were deposited on Si (100) wafers using an unbalanced RF magnetron sputtering technique. The RF sputtering apparatus is able to supply high-frequency power of 13.56 MHz to both target and substrate, as shown in Figure 1 (a). High purity graphite (99.999%) and hexagonal boron nitride (99%) disks of 100 mm in diameter and 5 mm in thickness were used as targets.
A film was deposited by rotating a substrate at a rotation speed of 3 rpm. Before the deposition, the substrate and targets were sputter-cleaned with Ar + to remove residual surface contaminants and surface oxides using an RF power of 100 W.
The boron nitride (BN) layer was deposited first, and then the diamond-like carbon (DLC) layer was deposited. The topmost of themultilayer DLC/BN film was deposited to be a DLC layer, as shown in Figure 1 (b). In this study, 2-, 4-, 6-and 10-nm bilayer of multilayer DLC/BN films were deposited by controlling the number of rotating cycles. The targets were applied with an RF power of 300 W.
The negative DC bias voltage applied to the substrate was 0 and 30 V. The deposition pressure was also set to 0.3 Pa.
The properties of the films were studied using several characterization tech- 
Results and Discussion
The microstructure of the multilayer DLC/BN films was characterized by TEM analysis. DLC/BN films were deposited as expected. However, the 2-and 4-nm bilayers of the multilayer DLC/BN films deposited without substrate bias peeled off from the substrate one week after the deposition. This is possibly due to a high residual stress, indicating poor adhesion between the film and substrate. Therefore, it is important to consider the role of substrate bias during film growth. Li et al.
found that film growth using substrate bias resulted in high-quality multilayer coatings, with low residual stress and high adhesive strength [12] . This highlights the significance of substrate bias during the deposition.
The hardness values of monolayer DLC and BN and multilayer DLC/BN films calculated from a load-displacement curve are shown in Figure 4 . It is well known that a difference in the modulus between two layered materials can increase the hardness of a multilayer film [13] . Consequently, the formation of a nanoscale multilayer film composed of alternate DLC and BN layers is expected to lead to a significant increase in the hardness value compared to the monolayer film. As shown in Figure 4 , however, the hardness values of all multilayer films were lower than those of the monolayer DLC and BN films. This finding contradicts our hypothesis that the hardness value of a multilayer film is higher than that of a monolayer film. The reason that the hardness values of the multilayer DLC/BN films were lower than those of the monolayer DLC and BN films is not clear; repeated measurements showed the same result. However, it was observed that the hardness values of the multilayer DLC/BN films deposited with a substrate bias can change with a change in bilayer thickness, whereas the multilayer films deposited without substrate bias showed no such change.
The friction coefficients of monolayer DLC and BN and multilayer DLC/BN films, all deposited with substrate bias and measured under ambient air, are shown in Figure 5 . The films deposited without substrate bias were not considered in this study because some of these films peeled off from the substrate one week after the deposition. As shown in Figure 5 , the wear resistance of the monolayer DLC and BN films was determined to be similar, although both films showed dissimilar values for the friction coefficients of approximately 0.18 and 0.75, respectively. The friction coefficients of the monolayer DLC and BN films showed a simultaneous increase and fluctuations following 1000 sliding cycles. On the other hand, the multilayer DLC/BN films showed lower values for the friction coefficients than did the pure BN but higher values than the pure DLC. The friction coefficients for the 2-and 10-nm bilayer and 4-and 6-nm bilayer of the multilayer DLC/BN films were determined to be approximately 0.25 and 0.35, respectively. However, the wear resistance of the 4-and 6-nm bilayer was higher than that of the 2-and 10-nm bilayer of the multilayer DLC/BN films. The friction coefficients of the 4-and 6-nm bilayer of the multilayer DLC/BN films were stable until approximately 5000 sliding cycles, after which they simultaneously increased and fluctuated, while the friction coefficients of the 2-and 10-nm bilayer of the multilayer DLC/BN films were stable until approximately 
Conclusion
Multilayer DLC/BN films were successfully synthesized on Si (100) wafers using the unbalanced RF magnetron sputtering technique. The films were investigated to determine the effects of alternating bilayer thickness and use of substrate bias during film growth on the mechanical and tribological properties. The micro-structure of the multilayer DLC/BN films reflected the composition of alternate DLC and BN layers, except for the 2-and 4-nm bilayer of multilayer DLC/BN films deposited without substrate bias. The hardness values of all the multilayer films were lower than those of the monolayer DLC and BN films. The substrate bias also affected the hardness value through a change in the bilayer thickness. Furthermore, the wear resistance of the monolayer DLC and BN films was improved by the deposition of multilayer DLC/BN films. This is due to the 
